The dielectric properties of cobalt phthalocyanine are investigated in the frequency range 50-5x 105 Hz and within the temperature range 293-363 K. The frequency dependence of the AC impedance could be expressed by the complex plane of the complex impedance. Analysis of the AC conductivity reveals semiconducting features based predominantly on the hopping mechanism. The relaxation time, derived from the experimental results, shows a thermally activated process.
Introduction
Organic semiconductors, like phthalocyanine, have attracted interest due to the low-dimensional nature of their electrical conduction and the current interest in solar energy conversion [1] . Cobalt phthalocyanine, being thermally and chemically stable, has been used as a material interesting from biological and chemical points of view. In this paper, we report on the dielectric properties of cobalt phthalocyanine at different temperatures.
Experiment
Cobalt phthalocyanine (CoPc) was purchased from Estman Kodak Ltd., New York. The starting material was carefully purified by vacuum sublimation in a two-zone tube furnace using the method previously described [2] . The purified material was pressed under the pressure of 9.8 x 10 8 Pa to form discs of diameter of 10 mm and thickness of 1 to 2 mm. Contacts were made using silver electrodes. The sample was placed in a holder designed to minimize stray capacitance. The temperature dependence of the dielectric properties was measured using Tesla BM 507 impedance meter. The measurements were performed in the frequency (675) range 50 -5 x 105 Hz and temperature range 293-363 K. The temperature was measured using a copper-constantan thermocouple mounted in close proximity to the specimen of interest.
Results and discussion
Many dielectric functions have been used to describe the frequency-dependent properties of material. Among them the most important ones are the complex dielectric constant (ε*), complex impedance (Z*) and complex conductivity (σ*). These functions may be expressed in terms of ε* as where i =√-1 ω is the angular frequency, 2πv, and C0 is the geometrical capacitance which is given for a disc by the vacuum permittivity ε0, area A and thickness t in the relation
The measured impedances Ζ(v) = Z'(v)+iZ"(v)
were plotted in the complex plane for various temperatures. Typical spectra related to the frequency of the applied sinusoidal voltage are shown in Fig. 1 . The plots become progressively more circular as the temperature increases. The classical semicircular form can be represented by a simple parallel R-Cs circuit [3] . The capacitance is the capacitance of the measured sample whereas the resistance is the grain surface resistance.
The grain surface resistance Rs could be figured out from the intersection of the low-frequency semicircles with the Z'-axis. The calculated values could be employed to shed light on the variation of the DC conductivity σDC of CoPc with temperature. Figure 2 shows a linear plot of log σDC versus 1/T. An activation energy Ε = 0.11 ± 0.02 eV was obtained from the slope of the straight line using the well-known relationship σDC = σ exp(-E/kT). The slope and the standard deviation were computed using a least-squares fit programme.
The frequency dependence of the conductivity for a range of temperatures is shown in Fig. 3 . The conductivity obeyed the empirical law of frequency dependence given by the power law of the form [4] :
The variation of the exponent n with temperature gives information on the specific mechanism involved. As it can be seen from Fig. 3 , n changes slightly with temperature, its value was found to be in the region 0.7-0.8 suggesting a hopping mechanism of conduction [5] . This view is found in high-purity CoPc [6] where the AC conductivity was measured and the hopping mechanism of the charge carrier transport was uncritically concluded, while there is no other evidence to support such a statement and often there is ample evidence that this cannot be the case.
Further analysis of the AC conductivity data shows a simple activation energy, i.e. a straight-line segment on the plot of log σDC versus 1/T. The value of the activation energy for ADC was found. to be 0.08 ± 0.01 eV. This value is not in agreement with the value reported by Wacławek et al. [6] for CoPc. However, a great number of localized states is expected to exist in phthalocyanine, but their density is incapable of dominating the statistics.
The dependence of the dielectric constant ε"(ε') at different temperatures is shown in Fig. 4 . A semicircle is obtained for each temperature. The centres of the semicircles lie below the abscissa axes. This confirms that there exists a distribution of relaxation times in CoPc. The analysis of the results shown in Fig. 4 could reveal several interesting parameters such as distribution parameter α, relaxation time τ and activation energy Ε0 [7, 8] . The macroscopic relaxation time τ0 can be evaluated from the relation Some of these symbols are shown in Fig. 4 .
The parameter α is equal to zero when the dielectric has only one relaxation time. Whereas, for a distribution of relaxation -times it varies between 0 and 1. The extent of the distribution of relaxation times increases with increasing parameter α.
The value of Γ0 was found to decrease with increasing temperature. The molecular relaxation time τ could be evaluated from [8] :
where ε0 is the static dielectric constant and ε ∞ is the optical dielectric constant.
The temperature dependence of τ can be expressed by the thermally activated process of the type [9] :
where A is a constant characteristic relaxation time and represents the time of a single oscillation of a dipole in the potential well. Ε 0 is the free energy of activation for dipole relaxation. τ represents the average or most probable value of a spread of relaxation time. Figure 5 shows the plot of log τ as a function of 1/T. The values of A and Ε0 were found to be A = (1.68±0.01) x 10 -6 s and Ε0 = 0.06±0.01 eV, respectively.
Both the molecular relaxation time τ and conductivity σ(ω) have the same activation energy for a thermally activated process since they depend on the temperature much more strongly than the other parameters, i.e. ε0, ε∞, and α [10] .
In the light of previously published results [11] inhomogeneities existing at grain boundaries in some organic materials restrict the movement of hopping carriers resulting in a decrease of dielectric losses. We may assume that the restriction of the carrier movement may be supposed to play a significant role in CoPc pellets.
